JHK s near-infrared photometry of stars in the Phoenix dwarf galaxy is presented and discussed. Combining these data with the optical photometry of Massey et al. allows a rather clean separation of field stars from Phoenix members. The discovery of a Mira variable (P = 425 days), which is almost certainly a carbon star, leads to an estimate of the distance modulus of 23.10 ± 0.18 that is consistent with other estimates and indicates the existence of a significant population of age ∼ 2 Gyr. The two carbon stars of Da Costa have M bol = −3.8 and are consistent with belonging to a population of similar age; some other possible members of such a population are identified. A Da Costa non-carbon star is ∆K s ∼ 0.3 mag brighter than these two carbon stars. It may be an AGB star of the dominant old population. The nature of other stars lying close to it in the K s , (J − K s ) diagram needs studying.
INTRODUCTION
The present investigation of the Phoenix dwarf galaxy is part of a programme to study local group galaxies using the Japanese -South African 1.4m Infrared Survey Facility (IRSF) and sirius three-channel camera (Nagashima et al. 1999 , Nagayama et al. 2003 at SAAO Sutherland.
Phoenix is a member of the Local Group and the most distant of the Milky Way's satellite galaxies (e.g. Grebel (1999) fig. 3 ). It was discovered by Schuster & West (1976) who originally suggested it might be a globular cluster; Canterna & Flower (1977) established that it was a galaxy. Though its overall properties are consistent with a classification as a dwarf spheroidal, it also contains a relatively small young component and is thus often referred to as a dIrr/dSph (e.g. Mateo 1998) . It is associated with an offcentre Hi cloud (Oosterloo, Da Costa & Staveley-Smith 1996; Young & Lo 1997; St-Germain et al. 1999 ). The origin of this cloud is not clear, although it may be formed from supernovae winds associated with the most recent epoch of star formation in the galaxy (Young et al. 2007 ). Though there have been a number of optical studies of Phoenix, this seems to be the first to describe JHKs observations.
OBSERVATIONS
Images centred on Phoenix were obtained over a period of about 3 years. A single observation comprises 10 dithered 30-s exposures which were reduced by means of the standard sirius pipeline (Nakajima private communication). Normally, three such sets of frames were combined to give an effective 900-s exposure in each of J, H and Ks; when the seeing was poor, we combined six sets for an 1800-s exposure. Standard stars from Persson et al. (1998) were observed on each night and the results presented here are on the natural system of the sirius camera, but with the zero-point of the Persson et al. standards. These magnitudes are expected to be close to those on the 2MASS system (Kato et al. 2007 ). The field of view is 7.8 × 7.8 arcmin, but this is reduced to 7.2 × 7.2 arcmin during the course of the reductions. The scale is 0.45 arcsec pixel −1 . According to Canterna & Flower (1977) the optical size of Phoenix is 7 × 9 arcmin. Thus our observations cover most of the galaxy. Table 1 contains our JHKs results for all single stars measured on the images of Phoenix obtained for this investigation, together with positions allowing cross-identifications to the optical photometry of Massey et al. (2007; henceforth M2007) , our identification number (N) which will be used in the text, and, in the last column, the I magnitude derived from M2007. Mean JHKs magnitudes from all frames in each colour were used in compiling the table. The limiting magnitude is about 17.65 in Ks where the typical internal error is 0.04 mag; typical errors in J and H are 0.03 mag or less. Table 3 contains individual observations and dates of the two red variables found in our work, which are discussed in section 4.
The Ks and J frames were compared visually to check for possible very red AGB stars, but none was found redder than the Mira (see section 4), down to Ks ∼ 17 mag. Fig. 1 shows the Ks, (J − Ks) diagram and Fig. 2 the (J − H), (H − Ks) diagram for all single stars measured on the images centred on Phoenix that were obtained for this investigation. The photometry reduction program considered another five objects as double, and these were not plotted as the individual magnitudes were too uncertain.
COLOUR-MAGNITUDE AND COLOUR-COLOUR DIAGRAMS
In discussing these figures we assume a distance modulus of 23.1 mag for Phoenix (see section 4). The blue stars in a vertical sequence with (J − Ks) ∼ 0.4 in Fig. 1 are almost certainly field stars. This can be seen, for instance, by comparing with the similar figures in Menzies et al. (2002; henceforth JWM2002) for Leo I, obtained with the same instrumental arrangement. There are somewhat fewer of these stars in the Phoenix field. This is probably due to the higher galactic latitude (b = −69 (Phoenix); b = +49 (Leo I)).
Other stars which are likely to be field stars (see below) are also marked as asterisk-shaped symbols. In Fig 2. the clear separation of many of the likely field stars from the members is apparent. There is some similarity of the distribution of points in this diagram with that for Leo I (JWM2002); there is a clump of stars with (H − Ks) < 0.3 as in Leo I, and a few redder ones that in Leo I are all carbon stars and mostly variable. A comparison between Phoenix and Leo I is made below (see section 3). The two carbon stars discovered by Da Costa (1994) are also marked on these figures. The interpretation of the colour-magnitude diagram and the elimination of likely foreground stars is helped considerably by combining our data with the optical photometry of Massey et al. (2007) . This is particularly important in establishing the AGB population of the galaxy. Held et al. (1999) have suggested (see their fig. 11 ) that there is a significant population of AGB stars in Phoenix with I < 19.5 and (B − I) > 3.0, but the separation from field stars is difficult (cf. Martinez-Delgado et al. 1999) . Fig 3(a) is a (V − R), (B − V ) diagram for objects with I < 19.5 and quoted uncertainties in both co-ordinates less than 0.1 mag from the observations of M2007. These cover an area of 34 x 34 arcmin centred on Phoenix. Since this area is much larger than the galaxy itself, the bulk of the stars plotted are field objects. In particular, the heavily populated areas in this diagram are likely to contain a high proportion of field stars. Especially at the redder colours the stars in this diagram divide rather clearly into two groups (presumably giants and dwarfs). The dashed line, extrapolated to bluer colours, approximately marks this division. In Fig 3(b) the dashed line from Fig 3(a) is repeated and stars in common between out survey and M2007 are plotted. The curves show the loci of normal giants and dwarfs. Using the division into two sequences and the density of the M2007 points in Fig 3(a) , we divide our stars into probable field stars (asterisks) and probable Phoenix members (squares). The differing distribution of the stars in the whole M2007 sample and those in common with our survey, strongly suggests that the stars below the dashed line (the likely giant region) have a high probability of being Phoenix members and we have taken them as such. Note particularly the concentration of stars in common, below the dotted line and with ∼ 1.4 < (B − V ) <∼ 1.55, strongly indicating membership. The Bahcall-Soneira model (Bahcall & Soneira 1980) predicts 24 field stars with V < 20 for a field of our size at b = 90 and 32 at b = 50, l = 270 (Phoenix has b = −69, l = 272). In view of the small number statistics the number of stars rejected here (35) seems to be of the correct order. Fig. 4 is an I, V − I diagram of stars in common with M2007 with field stars and members distinguished. The distribution of probable field stars in this figure supports their classification as such.
There is a sparse population of young, blue, stars in Phoenix. This has an upper brightness limit of about V = 19 (M2007 fig. 20 ). Since the V −Ks colours of these stars must be within a few tenths of a magnitude of zero, they will be too faint to be in our survey.
Figs. 5 and 6 are Ks, (J − Ks) and (J − H), (H − Ks) plots for Phoenix with the likely field stars removed. In Figs. 4 and 5 we show isochrones (RGB and AGB) for z = 0.001, age 14 Gyr and z = 0.002, age 1 Gyr from Girardi et al. (2000 Girardi et al. ( , 2002 . The RGB tip (TRGB) for the 14 Gyr model occurs at K = 17.17 and I = 19.06 (i.e. very close to the values observed, as will be discussed below), while that for the 1 Gyr model is at K = 19.87 and I = 21.17
1 . Note that the isochrones provide only a qualitative illustration of the populations which might be present and they suggest that the members of the dwarf galaxy are on the RGB and AGB of a population with a large range of ages. These late stages of stellar evolution are not well understood and models by different authors provide significantly different tracks, e.g. AGB isochrones from Pietrinferni et al. (2004) terminate several magnitudes fainter than those illustrated. Furthermore, there are as yet no examples of AGB models which provide a good fit to observations over a range of wavelengths.
M2007 suggest that Phoenix may contain a population of yellow supergiants, though they recognize that it is difficult in their work to distinguish galaxy members from foreground stars. Since their yellow supergiant sequence extends up to V of about 15 mag and since V − Ks may well be significant (1 or greater), it seems possible that the bright star in Fig. 5 with J − Ks of about 0.9 and Ks of about 15.3 may be such a star. The absolute magnitude of the TRGB in Ks depends on metallicity and age. Estimates of the metallicity of the old population of Phoenix ranging from -1.37 to -1.8 have been given (Gallart et al. 2004; Holtzman et al. 2000; Held et al. 1999) . If the main population of Phoenix is of globular cluster age and has a metallicity of ∼ −1.3 we would expect the TRGB to be at MK ∼ −5.8 (Salaris & Girardi 2005) , corresponding to Ks = 17.3 in Phoenix. We would then identify the near vertical, sequence of stars with (J − Ks) ∼ 0.9 and fainter than Ks ∼ 17.1 as mainly due to this population. Such a population will not produce normal, intrinsic, carbon stars, which are expected to belong to an intermediate age population. The possibility that these objects are extrinsic carbon stars seems remote, especially since they lie above the TRGB of even the old population (see section 4).
Our identification of the TRGB of the main population at Ks ∼ 17.1 is entirely consistent with data at other wavelengths. The presence of a TRGB in the range I = 19.25 to 19.00 was clearly established in the work of van de Rydt et al. (1991) , Martinez-Delgado et al. (1999) , Held et al. (1999) , and Holtzman et al. (2000) . Table A1 of our appendix shows that all our probable AGB stars have I magnitudes brighter than this. (The only one close to the tip is one of the carbon stars). A TRGB near I = 19.0 is also evident in Fig. 4 and the stars there are those showing a tip at Ks ∼ 17.0 in Fig. 5 . One can also compare the results for Phoenix with RGB predictions. The recent review by Bellazzini (2007) , his fig. 5, leads to a predicted TRGB at K ∼ 16.94 for a colour at the tip of (J − K) ∼ 0.9 as in our case and for our adopted distance modulus. As regards I, his fig. 4 (or his eq. 2, corrected for errors in sign) leads to a TRGB of ∼ 19.08 at our adopted distance and with (V − I)o = 1.48 at the tip (Held et al. 1999 ). Evidently there is good consistency between the results from the TRGB at I and that at Ks.
In addition to finding two carbon stars, Da Costa (1994) obtained spectra of three other stars in which he found no evidence of carbon-star features; we presume these to be oxygen-rich. They are listed in Table 3 with their identifications from van de Rydt et al. (1991) and our numbers. The non-carbon stars are also marked in Figs. 5 and 6. C5 is a double, possibly of field dwarfs. C2 and C3 are among our presumed members. The position of C3 in Fig. 5 , immediately below the two C stars, suggests that it may be an intermediate age star marking a lower limit to carbon star formation or it may be a member of the old population and near its TRGB.
In Fig. 5 there are a number of stars fainter than Ks ∼ 17.2 which are plotted as squares because they have I magnitudes brighter than the TRGB (they are mainly in the range I ∼ 18.5 to 19.0. In both Figs. 4 and 5 these stars lie to the blue of the main concentrations. The most likely explanation of these stars is that they are AGB stars of an intermediate age population and may well be coeval with the carbon stars.
The seven stars immediately above the two carbon stars (and slightly redder) in Fig. 5 constitute an interesting problem. Table A1 in the appendix lists optical and infrared data for these stars and for the two spectroscopic carbon stars.
Evidently the seven stars have colours rather similar to the known carbon stars and on these grounds would be strong C star candidates. This, together with their position immediately above the C stars in Fig. 6 , would be entirely in accord with expectation (see for instance the distribution of C stars in the Leo I Ks, (J −Ks) diagram (JWM2002). However, one of these stars, Da Costa C2, our No. 52, is not a spectroscopic carbon star. The nature of this star and possibly of the other six stars in this group remains to be determined. Table A2 in the appendix lists standard infrared sequences for giants and dwarfs from Bessell & Brett (1988) that have been converted to the 2MASS system (which is close to the IRSF system) using the relations in Carpenter (2001) . Table A3 contains optical data for extreme subdwarfs listed by Gizis (1997) together with 2MASS data for these stars. Comparison of these tables with the data for our seven stars shows the following: their J − H and J − Ks are too red for them to be normal dwarfs. From their optical colours some, or all, of them (including C2 = 52) could be extreme subdwarfs (compare their positions in a plot such as fig. 9 of Gizis). However, their infrared colours are too red for such an assignment, being reasonably similar to those of late type giants. On the other hand, several have suspiciously red B − V values both for normal giants and for metal-poor (globular cluster type) giants. Furthermore, as late-type giants they would be very distant (extragalactic) and thus strong Phoenix candidates. Comparison with the isochrones shown in Figs. 4 and 5 suggests that C2 is best interpreted as an AGB star of the very old population. Evidently, spectral type and radial velocity data are required for the other stars in this group to determine whether or not they are similar to C2 or whether they are carbon stars.
A comparison of Figs. 5 and 6 with the Ks, (J −Ks) and (J − H), (H − Ks) diagrams of the dwarf spheroidal Leo I (JWM2002) is of interest. The reddening of both galaxies is small and the distance modulus of Phoenix is ∼ 1.0 mag greater than that of Leo I. The faintest known carbon stars in Leo I are at Ks ∼ 15.5 and are thus intrinsically brighter by ∼ 0.4 mag than the Da Costa (1994) carbon stars in Phoenix. The two very red and variable stars in Phoenix (see section 4) have Ks ∼ 15.2 whilst there are red variables in Leo I with Ks in the range 13.8-14.5 and so roughly equivalent. However, there is a marked difference in the AGB between the two galaxies. In Leo I there is a well populated sequence of carbon stars extending from about Ks, (J −Ks), 15.5, 0.9 to 13.9, 1.7. In Phoenix, whilst the low-amplitude variable (star 34) lies near the upper end of such a sequence at Ks ∼ 15.25 and (J − Ks) ∼ 1.6 there are no stars in this sequence between it and the small clump of stars containing C2. The difference between Phoenix and Leo I is even more marked, if, as discussed above the stars in this clump are not C stars. These differences are most likely related to the different star formation histories of these dwarf galaxies.
VARIABLE STARS AND DISTANCE
As Figs. 1 and 2 show there are two outstanding red stars in Phoenix. We find both stars to be variable. The JHKs observations are listed in Table 3 with the Julian Dates for the observations. Star number 34 is a low amplitude variable. No convincing period is evident in our measures though it varies on a time scale of 200 to 300 days. The JHKs measurements for this star in Table 1 are simply the means of the individual values in Table 3 . Star 51 is a large amplitude (Mira) variable with P = 425 ± 25 days, Fourier mean magnitudes of J = 17.11, H = 15.92, Ks = 15.03 and ∆Ks = 0.76, ∆J = 1.52. Light curves are shown in Fig. 7 . The J light curve clearly shows that the star was brightening on a long time scale during the time of our observations. This is typical behaviour for a carbon Mira (e.g. Whitelock et al. 2006) . Such stars are obscured from time to time owing to the ejection of material into the line of sight.
Previous authors (van de Rydt et al. 1991 , MartinezDelgado et al. 1999 , Held et al. 1999 , Holtzman et al. 2000 have adopted a reddening of E(B − V ) = 0.02 mag from the work of Burstein & Heiles (1982) and we adopt this value. Whilst there is undoubtedly some uncertainty in this, the reddening at the galactic latitude of Phoenix (b = −69) must be small and any reasonable change will have little or no effect on our discussion. Then, converting the photometry to the SAAO system using the relations of Carpenter (2001) Table 1 ).
variable are carbon stars in view of their red colours and the presence of other carbon stars in the galaxy.
The Mira (star 51) is the candidate long period variable ID 11263 of Gallart et al. (2004) . For this star their mean results are I = 18.90, (B − V ) = 4.38, V − I = 2.29. It is the reddest likely member in their I − (V − I) diagram. Since it lies on a reasonable extension of the RGB/AGB and not fainter as it would be if it suffered from strong circumstellar extinction, the very red (B − V ) must be mainly intrinsic to the star and is consistent with its being a carbon star rather than a highly reddened oxygen-rich Mira. Comparison with figs. 7 and 8 of Whitelock et al. (2006) shows that in (J − H), (H −Ks) diagrams the two Phoenix variables lie close to Galactic and LMC carbon-rich Miras and SR variables. In an (H − Ks), log P diagram fig. 11 ) the Phoenix Mira lies in the region occupied by Galactic carbon Miras and bluer than the known LMC carbon Miras, except for two LMC stars believed to be undergoing hotbottom burning (HBB). It is unlikely that it is an HBB star (see below). Whether this difference from the LMC carbon stars is significant or not depends at least partly on whether Phoenix contains redder (i.e. more dust enshrouded) stars which might be below our detectable brightness limit.
Of the six candidate LPVs identified by Gallart et al. (2004) only three fall in the area we surveyed. One of these is the Mira discussed above the other two are our numbers 88 (their ID 11200) and 102 (their ID 8563). The photometry of these two stars has marginally larger standard deviations in all colours than stars of corresponding brightness, but there is no clear periodicity in either. Note that star 102 is a Carbon star (C4 of Da Costa) and the star 88 is NOT a Carbon star (C3 of Da Costa) . No other stars brighter than Ks = 17.4 show any convincing evidence of variability with amplitude greater than 0.1mag.
An estimate of the distance modulus of Phoenix can be made using absolute magnitudes in either K or M bol derived from period luminosity relations. In the case of K we use the relation: MK = −3.30 log P + 0.59.
(1)
The slope of this relation was derived from carbon Miras in the LMC by Feast et al. (1989) , and we have assumed an LMC distance modulus of 18.39 ± 0.05 (van Leeuwen et al. 2007 ). For M bol we adopt
again from LMC carbon Miras but now including some heavily dust-enshrouded members ) and the same distance modulus. It should be noted that a Galactic zero-point for this relation (2.06±0.24 ) is close to the value used.
With these absolute magnitudes we derive distance moduli of 23.09 ± 0.19 from MK and 23.10 ± 0.18 from M bol where the uncertainties take into account both the scatter about the PL relations and the uncertainty in the distance modulus of the LMC. Held et al. (1999) quote moduli of 23.21 ± 0.08 from the horizontal branch (HB) at V and 23.04 ± 0.07 from the TRGB at I. Martinez-Delgado (1999) also used the latter method to obtain a modulus of 23.0±0.1. Holtzman et al. (2000) obtained 23.1 from the TRGB and 23.3 from an assumed absolute magnitude of the HB. These estimates all agree well and we adopt 23.1 for the galaxy.
M2007 find a reddening of E(B − V ) = 0.15 from a study of the young population of Phoenix. Adopting such a reddening would decrease the modulus derived from the Mira by only about 0.04 mag. But the Held et al. (1999) values would be considerably affected; the moduli from the HB and from the TRGB would both become 22.81. However, the M2007 reddening is likely to apply only to the small young population in Phoenix. Note that if the Phoenix Mira were an HBB star (as discussed above) it would be expected to be brighter than the PL relations used here suggest. So the agreement with other distance moduli noted in the previous paragraph is an indication that it is not an HBB star.
CONCLUSIONS
By combining our own JHKs observations with the optical photometry of Massey et al. (2007) it has been possible to make a rather clean separation of Phoenix members from field stars. A clear RGB of an old population is found together with a few highly evolved stars. A Mira variable, almost certainly a carbon star, with a period of 425 days is present in the galaxy and leads to an estimate of 23.10±0.18 for the distance modulus in agreement with other estimates. The kinematics of carbon Miras in our Galaxy suggest an age of ∼ 2 Gyr for this star. Since Miras are relatively short-lived objects this implies a significant population of this age.
The two Da Costa carbon stars have MK = −6.2 or M bol = −3.8 (based on an estimate of the bolometric correction from the work of Frogel et al.(1980) ). These luminosities are consistent with an age ∼ 1 to a few Gyr (see e.g. the luminosities of carbon stars in LMC clusters (Frogel et al. 1990) ). Whilst most of the stars fainter than Ks ∼ 17.2 are found to be members of an old RGB population, a significant number of them are identified as probably AGB stars of intermediate age. They are likely to belong to the same population as the carbon stars. In this connection, we note that a feature in the colour-magnitude diagram of Holtzman et al. (2000) (their fig. 2 ), starting at V or I of ∼ 24.0, (V − I) ∼ 0 and sloping to higher luminosities and redder colours may be a subgiant branch of intermediate age stars. It is reasonably well fitted by a 1 Gyr isochrone (z = 0.002) from Girardi et al. (2002) .
The status of the non-carbon star Da Costa C2 which is ∼ 0.3 mag brighter than the two carbon stars at Ks is uncertain. It seems most likely to be an AGB star of an old population. Whether other stars of about the same luminosity and colour to C2 are also old AGB stars or carbon stars of an intermediate age population requires further spectroscopic work. Table A3 . Extreme cool subdwarfs from Gizis (1997); infrared photometry from 2MASS.
